Cocaine-dependent individuals show altered brain activation during decision making. It is unclear, however, whether these activation differences are related to relapse vulnerability. This study tested the hypothesis that brain-activation patterns during reinforcement learning are linked to relapse 1 year later in individuals entering treatment for cocaine dependence. Subjects performed a Paper-Scissors-Rock task during functional magnetic resonance imaging (fMRI). A year later, we examined whether subjects had remained abstinent (n ¼15) or relapsed (n ¼15). Although the groups did not differ on demographic characteristics, behavioral performance, or lifetime substance use, abstinent patients reported greater motivation to win than relapsed patients. The fMRI results indicated that compared with abstinent individuals, relapsed users exhibited lower activation in (1) bilateral inferior frontal gyrus and striatum during decision making more generally; and (2) bilateral middle frontal gyrus and anterior insula during reward contingency learning in particular. Moreover, whereas abstinent patients exhibited greater left middle frontal and striatal activation to wins than losses, relapsed users did not demonstrate modulation in these regions as a function of outcome valence. Thus, individuals at high risk for relapse relative to those who are able to abstain allocate fewer neural resources to action-outcome contingency formation and decision making, as well as having less motivation to win on a laboratory-based task.
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Introduction
Cocaine addiction is a substantial burden for societies worldwide, linked to adverse outcomes such as violence, suicide, and disability, as well as high rates of chronic relapse (Degenhardt and Hall, 2012) . A growing literature indicates that brain regions involved in interoception and cognitive control, such as the insular and prefrontal cortices, are dysfunctional in individuals with substance abuse and dependence, and may be involved in the maintenance, escalation, and/or relapse of drug use (Garavan and Hester, 2007; Paulus et al., 2009; Naqvi and Bechara, 2010) . Moreover, substance abusers exhibit reduced responsivity to naturally rewarding outcomes in preference for heightened responses to drug rewards, as indexed by altered striatal activity (Volkow et al., 2006) . Given prior work on brain dysfunction in substance abusers during decision making (Bolla et al., 2003; Kaufman et al., 2003; Tanabe et al., 2007; Asensio et al., 2010; Hyatt et al., 2012) , the study of neural mechanisms involved in the processing of decision-outcome contingencies in cocaine users offers promise in predicting relapse and developing training programs to strengthen patterns of abstinence (Garavan and Hester, 2007; Reske and Paulus, 2011) .
Although individuals with cocaine abuse and dependence show higher insula, frontal, and/or striatum activation in response to cocaine-related cues, reflecting heightened attention and interoceptive urges in response to cocaine (Kilts et al., 2001; Wexler et al., 2001; Sinha et al., 2005; Duncan et al., 2007; Prisciandaro et al., 2013 Prisciandaro et al., , 2014 , cocaine users exhibit attenuation in these regions within the context of non-drug rewards (Tanabe et al., 2007; Asensio et al., 2010; Hyatt et al., 2012) and moral judgments (Verdejo-Garcia et al., 2014) , as well as during attention switching and working memory tasks (Bolla et al., 2003; Kaufman et al., 2003; Kubler et al., 2005; Tomasi et al., 2007b) than non-dependent comparison subjects. Moreover, attenuated prefrontal cortex activation is associated with lower inhibitory control in cocaine abusers, which may be involved in their difficulty in disengaging from attention to drug cues (Goldstein et al., 2007 
